Computational Models
The measurement of absorbed doses to organs in a body phantom is time-consuming and requires a considerable experimental effort. In addition, many irradiation conditions in routine radiation protection are r.ot easily simulated experimentally. The experimental determination of organ doses is, of necessity, restricted to special situations. Consequently, the need for a theoretical approach arises.
A computational model can represent a specific body organ or a defined group of organs or tissues, generally with associated mathematical relationships. It can range from a simple, idealized geometric form , such as a sphere, cylinder or slab, to a complex, realistic representation of a detailed anatomical feature. Such models enable the calculation of absorbed dose and absorbed-dose distributions from internal and external radiation sources when the appropriate transport codes are used.
Selection Requirements
Any computational model used for the assessment of absorbed dose must fulfil the following requirement:
(i) The geometry of the model, its internal and external physical dimensions and the separation of distinct volumes in which absorbed doses are calculated, must conform to those specified, within the limits and resolution required by the application. For absorbed-dose assessments, the computational models are combined with suitable radiation transport codes. There are, therefore, additional selection requirements to be met for the codes:
(ii) The appropriate radiation interaction data for the simulated media must conform to those of the real body tissues for the type and energy of radiation under consideration, within the uncertainties permitted by the application. The errors in absorbed-dose estimations or radiation attenuation introduced by the modelling of radiation interaction processes must be kept within the required limits. The requirements for both the computational models and the radiation transport codes combined with them, ensure that the radiation interactions that are simulated within the model conform to those interactions that would occur in the irradiated body section, within the required accuracy. Consequently, absorbed doses derived in any volumes specified in the computational model would be within the permitted uncertainties.
8.2 Types of Models
Two distinct types of computational models have been developed, namely, mathematical models and tomographic models.
Mathematical Models use mathematical expressions to represent plane, cylindrical, elliptical or spherical surfaces. Mathematical models of these simple geometric shapes have been widely used for absorbed-dose assessments (ICRP, 1987) . With regard to anthropomorphic models, such surfaces, sometimes intersecting, are combined to replicate idealized arrangements of body organs. This type of model was introduced by Fisher and Snyder (1967, 1968) for the adult human following the earlier work of Hayes and Brucer (1960) and has been extended and refined by numerous authors (see Table 8 .1).By the use of orthogonal scaling factors, so-called "similitude" models have been produced to represent infants and children Hilyer et al., 1972; Snyder and Ford, 1973; Warner et al., 1974; Poston et al., 1975; Snyder et al., 1976) . As scaling is not appropriate for some organs, more elaborate pediatric mathematical models have been developed by Cristy (1980) and Cristy and Eckerman (1987a) , while male and female adult mathematical models have been introduced by Kramer et al. (1982b) . In the latter models, a neck has been added in order to avoid unrealistic thyroid shielding. Kerr et al. (1976) introduced a mathematical model of a Japanese adult which was revised by Cristy (1985) . Kai (1985) developed a model of a Japanese pregnant woman at various stages of pregnancy. Yamaguchi et al. (1987) have developed a mathematical model following the formulae of Cristy (1980) , but with variable external and internal dimensions which can be individually varied.
The orientation of the mathematical models in three-dimensional space is described by Cartesian coordinates. The x-axis usually is directed from the model's right towards its left side, the y-axis from the anterior towards the posterior side and the z-axis from the feet towards the head. The origin of the coordinate system is situated at the centre of the horizontal cross-section at the bottom of the trunk. (see Figure 8 .1)
The quadratic expression most frequently used to describe the various organs of the mathematical model is the following: ~><~l .. ·· Fig. 8 .1. A three-dimensional coordinate system adopted for mathematical models (after Kramer et al. , 1982b). determining the type of geometric shape to be described. The possibilities are: a = 13 = -y = 1 Expression 8.1 characterises an el-lipsoid, centered at the point (Xo, Y 0 , Z 0 ), with maximum exten-a = 0, 13 = -y = 1 13 = 0, a = -y = 1 -y = 0, a = 13 = 1 a = 1, 13 = -y = 0 13 = 1, a = -y = 0 -y = 1, a = 13 = 0 sion of ±a, ±b and ±c in the direction of x-, y-and z-axes, respectively (EXAMPLE: brain, Figure 8 .2). The quadratic expression describes an elliptical cylinder, the longitudinal axis of which is parallel to one of the coordinate axes. If -y = 0, a = 13 = 1, then the longitudinal axis of the cylinder is parallel to the z-axis and has invariant x-and y-coordinates, X 0 and Y 0 , respectively. Again, the constants ±a and ±b give the maximum extensions in the x-and y-directions. In this case, the cylinder given by the quadratic expression is unrestricted in one dimension and it has to be restricted to a finite form by additional conditions for the coordinate eliminated from the expression (EXAMPLE: trunk, Figure 8 .1). The expression describes an infinite slice perpendicular to one of the coordinate axes, the width of which is twice the denominator in the non-zero term. If a = 1,
The slice of width 2a is centered at x = X 0 and is perpendicular to the x-axis (EXAMPLE: restriction of the z-coordinate in the trunk). The inequality term ( ~) in expression (8.1) holds for all coordinate points within and exactly on the geometric shape defined by the respective equation,
If points outside and exactly on a geometric shape have to be described, the inequality must be " ~ " instead of " ~ ". This is necessary when a hollow organ has to be described which has approximately the form of a shell of a certain thickness. Organs of this type are then described by two quadratic inequalities, one of the form of (8.1) and one ofa similar form with smaller dimensions in each direction and with opposite inequality: Figure 8 .2). Kramer et al. , 1982b Kai, 1985 Kaul et al., 1987 Yamaguchi et al., 1987 Pani et al., 1987 Francois et al., 1988 Servomaa et al., 1989 Tomographic models Gibbs et al., 1984 Ito,1985 Wiechell et al. , 1987 Williams et al., 1986b , 1987 Zank! et al. , 1988 Veit et al., 1989 Mathematical model of an adult human. Simple equations are given for the major body sections and the principal organs. Three different mass densities are used for body tissues. Model of a fetus included in the adult model of Snyder et al., 1969. Final version of 'Fisher-Snyder' model. Pediatric models, called "Similitude Phantoms." They are obtained from the adult mathematical model by the "similitude rule," i.e., transforming the adult model using three orthogonal scaling factors for each body section.
Series of mathematical pediatric models. The basic types of equations are the same as for the Fisher-Snyder adult model. Organ size, shape and position are determined from anatomical references.
Models of a Japanese adult.
Series of mathematical pediatric models. The dimensions of the body regions are determined from anthropological data. Organ shapes and locations are determined by the " similitude rule." Organ volumes are determined from ICRP Publication 23 (ICRP, 1975) . Age-dependent distributions of active bone marrow. Addition of female breast tissue. Separate male and female mathematical models with four different body tissues. Model of a Japanese pregnant woman at various stages of pregnancy. Models of Japanese children and adults. Model of an adult male. Model using the equations of Cristy (1980) with individually variable external and internal dimensions. Same models as Kramer et al. (1982b) , but with 18 different body tissues. Individual mathematical pediatric models. The organs are represented by their central point, the position of which is calculated from height and sex with an algorithm based on metric studies of growth. The body tissues are assumed to be homogeneous and water-like. Mathematical adult model with variable dimensions whose geometry is based on a commercial anthropomorphic phantom. It is composed of single slabs in which the shape of the body surface as well as of single organs is defined by polygons.
Tomographic model of an adult female for patient dosimetry from dental x rays. Individual patient models for treatment planning.
Head model for a study on treatment strategies. Tomographic models of an eight week old baby and a seven year old child for the determination of organ doses from various photon irradiations.
Conversion of the mathematical model of Synder et al. (1969) into a model consisting of cubic volume elements with organ identification numbers.
Furthermore, there are organs which are described in addition to the quadratic expressions by linear inequalities of the form, A mathematical model not using these formulae is the adult model with variable dimensions by Servomaa et al. (1989) whose geometry is based on a commercial anthropomorphic phantom. This model is composed of single organs defined by polygons. (1984) for patient dosimetry in dental radiology and was then adopted for absorbed dose calculations in radiotherapy (Ito, 1985) . Similar studies on tomographic models were being pursued independently by other groups (Williams et al., 1986b) . The use of these models was further extended to the determination of organ doses from a variety of photon irradiations of interest in radiotherapy, radiodiagnosis and radiation protection (Wiechell et al., 198 7; Williams et al., 198 7; Zank.I et al., 1988 Zank.I et al., , 1989 Veit et al., 1989; Saito et al., 1990) . The first step for the construction of these models is to obtain a CT or MRI scan of a whole body or, at least, head and trunk. If possible, contiguous slices should be obtained. The data from these have then to be processed using appropriate image processing software (Gonzales and Wintz, 1977; Belanger et al., 1979; Herman, 1979; Lemke and Stiehl, 1979; Bajcsy, 1982; Foley and Van Dam, 1982; Mannweiler et al., 1982; Rosenfeld and Kak, 1982; Serra, 1982 Serra, , 1988 Seitz and Ruegsegger, 1983; Eriksson and Bengtsson, 1984; Pavlidis, 1984; Loebl, 1985; Ferrari et al., 1987) . In order to use the image files for calculations of organ doses, it is necessary to decide to which organ or tissue every voxel belongs. Each organ is then assigned a unique identification number and appropriate attenuation properties which are applied uniformly to every voxel within the organ. For most organs, the use of such attenuation properties does not introduce significant errors in the subsequent absorbed dose calculations.
Computed tomography (CT) scans can be and have EVA (a) Coronal cross-section indicating the selected planes must be seriously taken into account. The whole body dose resulting from the multiple CT scans is approximately 0.03 to 0.04 Gy. In the near future, this situation will be greatly improved with the development of MRI or other techniques using non-ionizing radiation. An example of a three-dimensional tomographic reconstruction is given in Table C. 2.3 (GSF-Baby and Child). This shows the reconstructed external surface and skeleton of the cadaver of a two month old baby (Veit et al., 1989) . The voxel size for this model is 0.85 mm x 0.85 mm x 4 mm; the total number of voxels is approximately 1.42 million over a volume of 4107 cm 3 .
Another technique to construct tomographic mod- (1985) . For this, the model of Snyder et al. (1969) was converted into cuboid voxels representing organ identification digits.
In order to decide on the suitability of a computational model for a particular application, the main differences between the mathematical and tomographic models have to be considered. These differences are as follows:
(i) The existing mathematical models are designed to match the geometry, external and internal physical dimensions of Reference Man (ICRP, 1975) . The expressions used to define the organ shapes are approximations of those features regarded most characteristic of the single organ and most common among different individuals. In order to eliminate individual differences, and also to limit the software and computational requirements, organ shapes are thus reduced to very simple forms. Consequently, the mathematical models are not designed to describe any real individual in detail but, rather, to represent whole populations.
On the other hand, tomographic models are constructed from CT or MRI data of real patients who might deviate significantly from the ICRP Reference Man data (ICRP, 1975) in external and internal physical dimensions. 4 The shapes of the body organs are determined by identifying all the voxels belonging to each organ. Thus, the shape of each organ is more realistic than for the mathematical models, although, being reconstructed from a specific individual, it might not be representative of large populations.
(ii) The organs in tomographic models, unlike those of the mathematical models, do not have smooth surfaces, as they consist of cuboid elements, for example 1.5 mm x 1.5 mm x 10 mm for an adult. (iii) In mathematical models, all skeletal components are homogeneously distributed in the skeleton and there is no geometric representation of spongiosa. Consequently, the radiation interaction cross sections for the skeleton are based on a homogeneous mixture of all the skeletal components. In order to estimate the absorbed dose to the red marrow in different bones of mathematical models, several methods have been developed. Most of them are based on the use of correction factors derived from (a) the mass fraction of red bone marrow in a bone, (b) the ratio of the mass energy absorption coefficients ofred bone marrow and the homogeneous mixture and (c) a correction factor considering the dose enhancement to the red bone marrow due to photoelectron 4 The external physical dimensions of an existing tomographic model can be adapted to any other size by simply changing the size of the voxels. This can be done independently for each of the three dimensions, height, width and depth. The result is then a scaleddown or scaled-up version of the original model ; all internal physical dimensions are also changed with the same scaling factors. It is important to keep the scaling factors within rational magnitudes, otherwise considerable errors in the body proportions might be introduced. emission (Rosenstein, 1976; Chen et al., 1978; Kramer, 1979) . Cristy and Eckerman (1987a) use dose per fiuence functions . All of these methods are based on measurements of the chord-length distribution in trabeculae and marrow cavities in various bones (Spiers, 1969) . The variation of the red bone marrow distribution among different bones and at various ages is considered by these methods, whereas the variation within single bones is not.
In tomographic models based on CT scans, the amount of bone marrow and hard bone in each single skeletal voxel can be assessed. Although it is not possible to identify functional bone marrow by this method or to model the complicated trabecular bone structure exactly, the distribution of bone marrow in the skeleton is determined with a resolution of approximately 5 to 25 mm 3 , depending on the resolution of the CT scan. (iv) Finally, there is a difference in the computing requirements for the two types of computational models. The equations describing the mathematical models are part of the radiation transport code in the form of only a few subroutines. The computer random access memory (RAM) required by the executable module of the Monte Carlo photon transport code, including an anthropomorphic mathematical model, is approximately 400 kilobytes. The data describing the tomographic models are used as input data for the radiation transport code. The memory requirements are typically 4 or 3.5 Megabytes for the executable module of the Monte Carlo photon transport code and the input file of a child or baby model, respectively, with a possibility for this to be reduced to 3 or 2 Megabytes, respectively (Veit et al., 1989) .
Aside from the difference in memory requirements, the use of the codes, together with the attached models, for organ dose calculations is very similar for the mathematical and the tomographic models. The running times of the codes for the calculation of organ doses with comparable statistical errors are of the same magnitude. Specifications of the principal computational models are given in Appendix C.
Radiation Transport Codes
For the calculation of absorbed dose, computational models have to be combined with suitable radiation transport codes. There are mainly two types of such codes: the discrete ordinate solution of the steady-state Boltzmann transport equation and the Monte Carlo simulation of particle interactions.
The analytical solution of the generalized Boltzmann equation is very difficult. Discrete ordinate methods (Truby and Maskewitz, 1968; Rhoades et al., 1978) are numerical methods for solving the transport equation in which discrete variables take the place of continuous ones.
The difficulty of solving the Boltzmann transport equation in complex geometries has led to the widespread use of the Monte Carlo method. These radiation transport codes have been developed for various types of radiation by numerous authors (Berger, 1963; Berger and Seltzer, 1968; Warner and Craig, 1968; Koblinger, 1971; Armstrong and Chandler, 1972a; Straker et al., 1972; Colbert, 1973; Warner, 1973; Emmett, 1975; Kramer, 1979; Halbleib and Mehlhorn, 1984; Rogers and Bielajew, 1984; Nelson et al., 1985; Briesmeister, 1986; Bielajew and Rogers, 1987; Yamaguchi et al., 1987; Jenkins et al., 1988; Veit et al., 1989) .
Applications
There are many applications where the use of computational models together with suitable radiation transport codes provide a viable method of absorbed-dose assessment.
Mathematical models with simple shapes like slabs, cylinders or spheres, have been widely used for the calculation of maximum dose equivalents or dose equivalents at specified depths in different materials resulting from various types of radiation (ICRP, 1987;  see Table 8 .2) . The ICRU has introduced a system of operational quantities that provides a reasonable approximation to effective dose equivalent from external radiation sources under certain expressed conditions [ICRU Report 39 (ICRU, 1985a) ]. The system is based on results of calculations performed using anthropomorphic computational models and a reference computational model. The latter model comprises a 30 cm diameter sphere simulating the composition of soft tissue (Section 1.1) [ICRU Report 33 (ICRU, 1980) ] . This sphere has been used to provide conversion factors for both area and individual monitoring purposes (ICRP, 1987; ICRU, 1988) . Guidance on the practical application of operational quantities is still under development.
For the assessment of absorbed dose to organs, anthropomorphic computational models are used in various specialties.
The principal applications of computational models are considered briefly in this section.
Radiotherapy. For individual external-beam treatment planning, the external and internal body dimen-8.4 Applications . . . 43 sions of the patient requiring radiotherapy, together with the exact location and shape of specific body organs are of absolute importance. For this purpose, mathematical models cannot reasonably be used. A tomographic model of the individual patient would be the most suitable model for absorbed-dose determinations, preferably together with a Monte Carlo code which allows the calculation of both organ doses and absorbed-dose distributions (Ito, 1985; Wiechell et al., 1987; Zankl et al., 1988) . The latter enables absorbeddose histograms in the relevant organs to be calculated. Thus far, such histograms have been evaluated using two-dimensional therapy planning codes Austin-Seymour et al., 1986) .
However, mathematical models can be used for external-beam radiotherapy if the absorbed doses outside the target volume have to be estimated (ICRP, 1984; Drexler and Williams, 1985; Lewis et al., 1988) . A mathematical model has been used for calculating the absorbed doses to organs resulting from intracavitary brachytherapy (Petoussi et al., 1987) . The study considered ovoids and applicators containing cobalt-60, cesium-137 and radium-226 sources.
Radiodiagnosis. In the x-ray energy interval used in diagnostic radiology, the physical dimensions of the patient under investigation strongly influence the absorbed-dose distribution in the body. Depending on the quality of the x-ray beam and the body tissues being irradiated, the half value layer (HVL) is approximately 2 to 6 cm in soft tissue. As image detecting systems demand a specific radiation exposure, an increase in patient thickness by one HVL causes an approximate doubling of the entrance skin absorbed dose. This might increase the organ doses by up to a factor of two, depending on the depth of the organ of interest. In some cases, the necessity might arise to assess absorbed doses to individual patients, for example, the absorbed dose to the fetus resulting from the x-ray examinations of a pregnant woman. These absorbed doses then have to be estimated from those calculated using existing computational models, accounting for the deviations of the patient's anatomy from that of the model.
Computational models have been used extensively to estimate organ doses resulting from the most common examinations in diagnostic radiology. In most of these projects, the influence of exposure conditions on organ doses has been studied. For these studies, mathematical models and tomographic models are equally suitable and both types have been used (Mathematical Models: Rosenstein, 1976; Chen et al., 1978; Rosenstein et al., 1979; Kramer et al., 1980 Kramer et al., , 1981 Drexler et al., 1984; Jones and Wall, 1985; Pani et al., 1987 Pani et al., , 1988a Pani et al., , 1988b ; Tomographic Models: Gibbs Gibbs et al., 1984; Ito, 1985; Williams et al., 1986a Williams et al., , 1987 Zank! et al., 1988 Zank! et al., , 1989 Saito et al., 1990 Saito et al., . et al., 1984 Saito et al., , 1987 Saito et al., , 1988a Williams et al., 1986a; Zankl et al., 1988; 1989) .
to the dosimetry of both internally deposited radionuclides and external radiation sources. The ICRP has recently revised their guidance (ICRP, 1990) replacing effective dose equivalent with effective dose, E, and organ dose equivalent with equivalent dose in tissue or organ.
Radiation Protection. The requirements for the determination ofradiation protection quantities have led to an evolution of computational methods to obtain the factors necessary for the conversion of measured physical quantities such as exposure, kerma and fluence to dose equivalent (see Tables 8.1 and 8.2). The efforts to refine these methods to obtain accurate data for radiation protection have become increasingly more elaborate. The International Commission on Radiological Protection (ICRP, 1977) has recommended a dosimetric quantity that specifies the degree of irradiation in numerical terms for photons, neutrons and charged particles called the effective dose equivalent, HE . This is based on the weighted sum of the dose equivalents in selected key organs in the irradiated individual. The concept may be applied As effective dose equivalent is essentially unmeasureable, anthropomorphic computational models, together with suitable radiation transport codes, are a convenient method to calculate the necessary data.
Mathematical models have been used extensively to obtain data necessary for the determination of dose equivalent both from internally deposited radionuclides (ICRP, 1975 (ICRP, , 1979 and external radiation fields [ICRP, 1987; ICRU Report 43 (ICRU, 1988) ] (Table 8 .2). The primary application to internal dosimetry has been the calculation of specific absorbed fractions (absorbed-energy fraction per unit of target mass) for selected radionuclide source and target organ combinations. For external irradiation with photons and neutrons, calculations have been made to determine both organ dose equivalent and effective dose equivalent conversion coefficients. Both mathematical models and tomographic models are equally suitable for these calculations.
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Radiobiology. For absorbed-dose assessment in the field of radiobiology, computational animal models have been designed (Hofmeester and van Dijk, 1985) . In this work, the influence of scatter from neighbouring animals on absorbed doses was studied. The calculations were verified by measurements in phantoms having the same geometries as the models used.
